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E-mail addresses: skolitz@jhu.edu (S.E. Kolitz), jlorThe initiator tRNA must serve functions distinct from those of other tRNAs, evading binding to elon-
gation factors and instead binding directly to the ribosomal P site with the aid of initiation factors. It
plays a key role in decoding the start codon, setting the frame for translation of the mRNA. Sequence
elements and modiﬁcations of the initiator tRNA distinguish it from the elongator methionyl tRNA
and help it to perform its varied tasks. These identity elements appear to ﬁnely tune the structure of
the initiator tRNA, and growing evidence suggests that the body of the tRNA is involved in transmit-
ting the signal that the start codon has been found to the rest of the pre-initiation complex.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The initiator tRNA plays a critical role in the cell. It reads the
start codon, allowing the initiating ribosome to begin translation
in the correct location. A properly located translational start is cru-
cial, since by beginning translation in the wrong location the cell
not only fails to produce the desired protein, but also creates an
aberrant, possibly toxic one. In addition, the availability of the ini-
tiator tRNA may be limiting for translation; a roughly 2-fold de-
crease in initiator tRNA expression in yeast increased the
doubling time approximately 3-fold [1], and a ‘‘modest” overex-
pression of the initiator tRNA resulted in greatly elevated rates of
translation and allowed mouse embryonic ﬁbroblasts to induce tu-
mors in mice [2]. Thus, a detailed understanding of the mechanism
of initiator tRNA function in translation may have important med-
ical relevance.
In the course of its duties, the initiator tRNA must accomplish a
number of tasks, involving interactions with several binding part-
ners: aminoacylation with methionine by methionyl tRNA synthe-
tase; in bacteria and eukaryotic organelles, formylation of the
methionine moiety by methionyl-tRNA transformylase; interaction
with one or more initiation factors; and binding to the ribosome.
The initiator tRNA must perform functions different from those
of any other tRNA. It is the only tRNA that binds directly to the P
site of the ribosome during the translational cycle; it is also onechemical Societies. Published by E
ctor; eIF, eukaryotic initiation
sch@jhmi.edu (J.R. Lorsch).of the only tRNAs that must avoid binding to elongation factor
Tu (EF-Tu; eEFIA in eukaryotes). In addition, the initiator tRNA
must be distinguished from the other methionine-bearing tRNA
present in the cytoplasm, the elongator methionyl tRNA that con-
tributes methionine residues during peptide chain elongation. (In
animal mitochondria, a single methionine-bearing tRNA species
appears to serve as both initiator and elongator [3].)
The initiation of protein synthesis is clearly a crucial process for
the cell (reviewed in [4–6]). There are signiﬁcant differences be-
tween how this process is accomplished in eukaryotes and in bac-
teria. Translation initiation in eukaryotes requires at least 12
initiation factors. Aminoacylated initiator tRNA is delivered to
the P site of the ribosome as part of a ternary complex (TC) with
GTP-bound eukaryotic initiation factor 2 (eIF2). TC binds to the
small (40S) ribosomal subunit with the help of eIFs 1, 1A and 3,
forming a 43S pre-initiation complex (PIC). The PIC can then bind
the 50 end of an mRNA in a process facilitated by eIF3, eIF4F, and
the poly(A) binding protein. The PIC is thought to scan along the
message in search of the start codon. eIF2, with the aid of the
GTPase activating protein eIF5, hydrolyzes GTP, and start codon
recognition triggers release of inorganic phosphate (Pi) from the
complex. Pi release is followed by dissociation of eIF2GDP, leaving
the initiator tRNA in the P site with its anticodon base-paired to the
mRNA start codon. In addition to irreversible GTP hydrolysis, start
codon recognition induces a conformational rearrangement in the
complex from an open state, thought to be competent for scanning,
to a closed one, thought to be locked down on the mRNA. At this
stage, joining of the large (60S) subunit to the complex, with the
help of eIF5B, forms a complete 80S complex that can continue
on to the elongation phase of translation.lsevier B.V. All rights reserved.
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between bacterial and eukaryotic initiation. First, bacteria have
Shine–Dalgarno sequences upstream of most start codons. These
sequences base pair with the 16S rRNA and localize the 30S sub-
unit to the start codon. Eukaryotes lack the anti-Shine–Dalgarno
sequences in their 18S rRNA and thus do not use Shine–Dalgarno
sequences to locate initiation codons. Secondly, in contrast to the
P12 initiation factors found in eukaryotes, bacteria possess only
three. IF1 is the ortholog of eIF1A, promoting initiator tRNA bind-
ing to the P site and blocking the A site until the ribosome is ready
to begin elongation. IF2 is not the ortholog of eIF2, but is instead
the ortholog of eIF5B. Both IF2 and eIF5B facilitate the subunit join-
ing step of initiation. However, IF2 also acts to promote initiator
tRNA binding to the 30S subunit, whereas in eukaryotes, this role
is ﬁlled by eIF2 rather than by eIF5B. Although IF2 binds initiator
tRNA in vitro (with an afﬁnity of approximately 1 lM) [7,8], it is
thought to interact with the tRNA on the ribosome, rather than
forming a complex with tRNA that then binds to the 30S subunit.
This is in contrast to eukaryotic initiation, where initiator tRNA
must bind to eIF2 before it can bind to the ribosome. The third bac-
terial factor, IF3, helps the ribosomal pre-initiation complex select
the correct tRNA for initiation. It has a similar fold to that of eIF1,
binds a similar site on the small ribosomal subunit and appears to
be at least functionally orthologous to the eukaryotic factor [9,10].
In bacteria, after aminoacylation of the initiator tRNA, the
methionine moiety is formylated by methionyl-tRNA transformy-
lase [11,12]. This modiﬁcation is important for the function of
the tRNA in initiation, as it is used by bacterial initiation factor 2
(IF2) to check that the appropriate tRNA is in place for initiation
[13]. IF2 recognizes the formylated amino acid on the initiator
tRNA, and will bind other tRNAs bearing formylated or acetylated
amino acids [13]. Formylation is not a determinant used in eukary-
otes to identify the correct tRNA for initiation; while many eukary-
otic initiator tRNAs can be formylated by this enzyme in vitro [13],
the enzyme is not present in the cytoplasm of eukaryotes and the
methionine on the initiator tRNA is not formylated.
In elongation, elongator aminoacyl-tRNAs are delivered to the
ribosomal A site, not the P site. In eukaryotes, elongator tRNAs
are delivered to the A site in complex with GTP-bound eukaryotic
elongation factor 1A (eEF1A). In bacterial elongation, the homolo-
gous EF-Tu serves this role [14].
The sequence of the initiator tRNA gene is the most highly con-
served among those of all tRNA species, across all three domains of
life [15]. In fact, all known vertebrate initiator tRNAs have identical
sequences [16]. A number of differences, however, are observed at
the level of sequence conservation between eukaryotic and bacte-
rial initiator tRNAs. As will be seen below, these differences in se-
quence elements occur in locations throughout the initiator tRNA
body. The importance of a number of these elements has been
investigated, and some differences have been observed between
how bacterial and eukaryotic initiator tRNAs function. Although
this review focuses primarily on eukaryotic initiator tRNAs, we will
also compare the bacterial and eukaryotic tRNAs in order to help
elucidate general principles behind their functions and to note in-
stances of their divergence.2. Exclusion from elongation
What special attributes allow the initiator tRNA to fulﬁll its
role? The initiator tRNA is likely tuned for its particular function
in the ribosomal P site, as opposed to elongator tRNAs, which have
to fulﬁll different roles, in both the A and P sites. The cell acquires
an additional degree of control by having a separate tRNA for initi-
ation, and thus may regulate the levels of initiator and elongator
methionyl tRNAs separately [17]. It is important that each typeof methionyl tRNA be restricted to its separate function, as compe-
tition for tRNA by the initiation and elongation machinery could
lead to serious problems for the cell [18–20]. How is this accom-
plished? Conserved elements in the sequence, and in some cases
modiﬁcations, of the initiator methionyl tRNA distinguish it from
the elongator methionyl tRNA and allow each tRNA to perform
its particular function (Fig. 1).
The initiator tRNA is aminoacylated by methionyl tRNA synthe-
tase, the same enzyme that charges the elongator methionyl tRNA.
Initiator and elongator fates diverge after this step. The initiator
binds eIF2GTP and must not bind eEF1A. A key question, then, is
how it is excluded from binding eEF1A.
The initiator tRNA binds eEF1A much less tightly than does the
elongator methionyl tRNA (>100 nM versus 0.8 nM using wheat
germ components) [14]. Several features of the initiator tRNA play
a role in preventing it from binding to the elongation factor. For
example, the base pair at position 1:72 in the acceptor stem is an
important contributor to initiator/elongator discrimination. Bacte-
rial initiator tRNAs contain a C:A mismatch at position 1:72, which
has been shown to be a determinant for formylation of the methi-
onine moiety by methionyl-tRNA transformylase [11,12], and the
major determinant for exclusion of the bacterial initiator tRNA
from elongation; changing this position to a Watson–Crick base
pair causes the tRNA to bind to EF-Tu [21]. An A1:U72 base pair
is invariant in eukaryotic and archaeal initiator tRNAs (the sole
known exception being W1:A72 in Saccharomyces pombe), while
the elongator tRNAs of all three domains generally bear a G:C base
pair in the 1:72 position. Drabkin and colleagues [22] showed that
G1:C72 in the human initiator tRNA allowed the initiator tRNA to
act in elongation in rabbit reticulocyte lysate. In yeast, an initiator
tRNA containing G1:C72 could act as an elongator tRNA in vivo,
and A1:U72 in the elongator tRNA decreased its elongation ability
[23].
The eukaryotic initiator tRNA lacks the T loop’s eponymous T
(with one known exception, the parasite Encephalitozoon cuniculi),
bearing the sequence AU at positions 54–55 instead of the TW
found in other tRNAs, including the elongator methionyl tRNA. This
is not the case in bacteria, where the TW sequence is present in the
T loop of both elongator and initiator tRNAs [15]. As previously
noted, this could therefore represent an important difference in
initiation between bacteria and eukaryotes [24].
The T at position 54 in the elongator tRNA is an elongator deter-
minant important for eEF1A recognition. In yeast, the function of
an elongator tRNA containing A54 was dramatically compromised,
and overexpression of eEF1A helped to restore the elongator func-
tion of this tRNA [23]. Substitution of A54 with U/T54 was shown
to strongly affect the ability of the initiator tRNA to function
in vivo: in yeast, U54 alone in the initiator tRNA was lethal, and
the changes U54 C60 (which preserve a lack of base pairing be-
tween the bases at positions 54 and 60) resulted in lack of growth
when provided on a low-copy vector to an initiator null strain, and
poor growth even when present in high copy [24]. These data are
consistent with the idea that A54 in the initiator tRNA may be an
anti-elongator element that prevents the initiator tRNA from bind-
ing to the elongation factor [23–25]. In yeast, A54 did not appear to
be a requirement for initiation, since G54 and C54 supported
growth of an initiator null strain [24]. Evidence exists, however,
that A54 in conjunction with other conserved bases may play a role
in other aspects of initiator tRNA function, as discussed below.
Additional elements of the structure of the T stem and loop are
involved in exclusion of the initiator tRNA from elongation. Verte-
brate initiator tRNAs contain the base pairs A50:U64 and U51:A63,
which are generally not contained in elongator tRNAs. These base
pairs serve as an anti-elongator determinant that likely prevents
the initiator tRNA from binding eEF1A [22]. The changes
U50:A64 and G51:C63 allowed human initiator tRNA to function
Fig. 1. Cloverleaf diagram of S. cerevisiae initiator (left) and elongator (right) methionyl tRNAs. Identity elements in the sequence are indicated by numbers. The position 64 O-
ribosylphosphate modiﬁcation is indicated by an asterisk. There is some confusion in the literature and databases about the identity of base 64 in the elongator tRNA. In most
cases, including all elongator tRNA genes in the S. cerevisiae genome, this base is a C. However, in a few cases it is reported as a U. It is possible that this is the result of
deamination of C in a fraction of the tRNAs; in this case, sequencing of the corresponding cDNA would give a U at this position.
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greater elongation activity to the initiator tRNA than the G1:C72
change, and when coupled with G1:C72 resulted in a tRNA almost
as active in elongation as the elongator methionyl tRNA. In bacte-
ria, both the 50:64 and 51:63 base pairs are important for elonga-
tor tRNA binding to EF-Tu [26] and are anti-elongator
determinants in the initiator tRNA [27]. It has been suggested that
the bases at these positions affect the structure of the RNA back-
bone in this region in such a way that binding of the elongation fac-
tor is prevented [28]. This is consistent with the surprising
observation [29] that Escherichia coli initiator tRNA could act as
elongator tRNA in rabbit reticulocyte lysate, and the authors’ sug-
gestion that the E. coli initiator tRNA therefore lacks structural fea-
tures that exclude the eukaryotic initiator tRNA from elongation.
Thus, for eukaryotic initiator tRNAs, the major anti-elongator
determinant resides in the T stem, and the A1:U72 base pair serves
as a lesser anti-elongator determinant [22]. This relation is re-
versed in E. coli, where the main determinant preventing the initi-
ator tRNA from acting in elongation is the C1 A72 mismatch, and
an additional, secondary determinant is located in the T stem in
the same location as in the eukaryotic initiator tRNA, the wobble
base pair U50:G64 [27]. Thus, bacterial and eukaryotic initiator
tRNAs use similar elements to prevent the initiator tRNA from act-
ing as an elongator tRNA, but place the emphasis on these ele-
ments differently. It would be interesting to determine the
evolutionary origins of this difference in emphasis.
Interestingly, in the same region of the T loop, at position 64,
plant and fungal initiator tRNAs contain an O-ribosylphosphate
modiﬁcation that serves as an anti-elongator element. Yeast and
wheat germ initiator tRNAs lacking the position 64 modiﬁcation
were able to support elongation in vitro [30], and the initiator tRNA
was able to act as an elongator tRNA in a yeast strain lacking func-
tional Rit1p, the phosphoribosyl transferase that makes the modi-
ﬁcation [31]. To ensure that it modiﬁes the initiator and not
elongator tRNA, Rit1p recognizes aspects of the T loop and stem,
notably the bases A54 and A60 that are conserved in eukaryotic
initiators [31]. The position 64 modiﬁcation becomes importantwhen the availability of TC components is compromised, as com-
bining a lack of Rit1p with mutations in genes for the initiator
tRNA or eIF2 resulted in synergistic growth defects, which were
alleviated by high copy initiator tRNA but worsened by high copy
eEF1A [20]. This modiﬁcation achieves its role by preventing bind-
ing of the tRNA to eEF1A, presumably sterically [18,30,32,33]. For-
ster and colleagues showed that initiator tRNA lacking this
modiﬁcation could bind to eEF1AGTP [18].
That determinants blocking binding to eEF1A are found in and
at the base of the T stem and loop is consistent with work by Dre-
her and colleagues indicating that eEF1A interacts largely with the
tRNA acceptor stem and T loop [14]. This is also the case for EF-Tu,
as seen in the crystal structure of tRNAPhe bound to EF-TuGDPNP
[34]. Hydrogen-bonding interactions were seen between nucleo-
tides 63 and 64 and the protein backbone, at amino acid G391, of
EF-Tu [35].
As mentioned above, bacteria and eukaryotes employ different
yet related strategies to exclude the initiator tRNA from binding
to the elongation factor. Elements in the T loop are important in
many species, but in different ways. Curiously, within eukaryotes,
additional methods have evolved to serve the same purpose;
where the human initiator tRNA contains structural elements con-
ferred by nucleotides in the T loop, the plant and fungal tRNAs con-
tain a bulky modiﬁcation instead. It would be interesting to know
what distinct evolutionary pressures created these different solu-
tions to the same problem.3. Interaction with eIF2
In eukaryotes, the initiator tRNA must bind eIF2GTP before it
can be delivered to the ribosome. Thismarks a signiﬁcant difference
between eukaryotes and bacteria: in the current model of bacterial
initiation, the tRNA can bind directly to the P site and subsequently
interact with IF2 on the ribosome. Binding of the initiator tRNA to
eIF2GTP is 15-fold tighter (10 nM) than binding to eIF2GDP
(150 nM), as measured using yeast components [36]. This is impor-
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site following GTP hydrolysis after start site selection.
In addition to its function in preventing binding of the tRNA to
eEF1A, the A1:U72 base pair plays roles in the initiation pathway. A
number of studies have shown that A1:U72 is a key element for
initiator tRNA function in vivo [23,24] and in vitro [25,36,37]. Far-
rugio and colleagues showed that the A1:U72 base pair is impor-
tant speciﬁcally for binding to eIF2 [38]. Using human tRNA
in vitro, they observed that changing this base pair to G1:C72 re-
duced afﬁnity for eIF2 16-fold (from 50 nM to 790 nM). The afﬁnity
observed for the G1:C72 initiator tRNA was not as low as that of
yeast elongator methionyl tRNA for eIF2 (which did not bind detec-
tably), so the authors noted that eIF2 must also interact with other
elements of the initiator tRNA.
Indeed, the methionine moiety is important for eIF2GTP bind-
ing, providing a means to keep unacylated tRNA from entering the
initiation pathway. Using an in vitro reconstituted system of yeast
components, Kapp and colleagues saw that the methionine residue
made a positive contact with eIF2GTP but not with eIF2GDP,
while interactions between the tRNA body and the factor were
the same regardless of whether the tRNA was aminoacylated
[36]. This work also showed that A1:U72 is necessary for recogni-
tion of the methionine moiety, likely by helping to position it in its
recognition pocket on eIF2. The authors suggested that the identity
or geometry of the base pair at 1:72, rather than the presence of an
easily disrupted base pair, is needed to position the methionine
moiety properly in its binding pocket on eIF2.
Several studies have examined the importance of the identity of
the initiating amino acid. Yeast initiator tRNA charged with isoleu-
cine binds poorly to eIF2 [39]. Human initiator tRNA with the al-
tered anticodon sequence CUA and charged with glutamine
cannot initiate in vivo or in vitro, whereas the bacterial version
can initiate from a UAG codon (using formylglutamine) [40,41].
Yet, an initiator tRNA variant with a GAC anticodon is aminoacylat-
ed with valine and can initiate translation from a GUC codon in
mammalian cells [41]. Thus, whereas in bacteria a formylated ami-
no acid is recognized, in eukaryotes an aspect of the methionine it-
self is recognized. Kapp [36] suggested that this could be the ability
of the side chain to ﬁt in the binding pocket on eIF2, or perhaps a
contact with other groups of the amino acid.
Identity elements in the T loop and the anticodon stem were
seen to jointly affect binding of the tRNA to eIF2. In vitro work
using yeast components showed that a change in the T loop to
U54, C60 did not affect binding by itself, but in combination with
U31:U39 in the anticodon stem a 3-fold reduction in afﬁnity of ini-
tiator tRNA for eIF2 was observed [37]. This is consistent with the
existence of a functional interaction between the anticodon stem
and T loop of the initiator tRNA, as discussed below. In addition,
several combinations of initiator identity elements conferred a
greater afﬁnity for eIF2GTP to the elongator methionyl tRNA.
Substituting the initiator identity elements A1:U72 along with
G31:C39 into the elongator tRNA increased the binding afﬁnity
for eIF2GTP to nearly that of the initiator tRNA, and A1:U72 with
A54 and A60 in the T loop brought the afﬁnity to within 2-fold of
that of the initiator tRNA [37]. These observations suggest that
the structure of the initiator tRNA is coordinated by elements in
distant spatial locations in the molecule.Fig. 2. Space-ﬁlling model of the yeast initiator tRNA crystal structure [33], with
identity elements shown in color.4. Binding to the ribosomal P site and start codon recognition
The initiator tRNA is thought to bind directly to the P site of the
small ribosomal subunit and to play a critical role in recognizing
the start codon in the mRNA. Although the initiation factors clearly
help to mediate these events, the structure of the tRNA itself also
plays a key role.4.1. Structural insights
The ﬁrst crystal structure of an initiator tRNA was that of the
yeast tRNA, solved to 6 Å by Schevitz and coworkers in 1975, and
followed by a 4.5 Å structure in 1979 [42]. In these structures the
anticodon arm was the most poorly deﬁned part of the molecule,
suggesting the existence of a ‘‘ﬂexible hinge” between the D stem
and the anticodon stem. In the 3 Å crystal structure of the yeast ini-
tiator tRNA determined by Basavappa and Sigler [33] (Fig. 2), the
anticodon stem and loop regions remained poorly deﬁned, despite
the improved resolution of the structure overall. The higher resolu-
tion, however, did enable visualization of the O-ribosylphosphate
modiﬁcation at position 64, identiﬁed only a year or two earlier
[30,32].
In addition, a special substructure was observed in the elbow of
the tRNA (Fig. 3), formed by conserved residues located in the D
and T loops that are found in combination exclusively in eukaryotic
initiator tRNAs. The D and T loops contain a number of character-
istic eukaryotic initiator tRNA features. The D loop is marked by the
lack of nucleotide 17, which is present in all other tRNAs, including
the bacterial initiator; the D loop also contains A20, also found in
the yeast elongator, whereas E. coli initiator and most elongator
tRNAs contain dihydrouridine at this position. The T loop contains
A54, which is found exclusively in eukaryotic initiator tRNAs;
m1A58; and A60, where a pyrimidine is typically found in bacterial
and archaeal initiators and all elongator tRNAs. These nucleotides
participate in hydrogen bonding interactions that create a stronger
connection between the D and T loops than that seen in elongator
tRNA structures, with three hydrogen bonds between A20 in the D
loop and bases G57, A59, and A60 in the T loop. Hydrogen bonding
was also observed within the T loop between m1A58 and A60, and
between m1A58 and A54. It has been suggested that this substruc-
ture might keep the tRNA from entering elongation, perhaps by
preventing structural changes in the D-loop–T-loop region neces-
sary for interactions of the tRNA with the ribosome and factors
in elongation. Alternatively, or in addition, this unique structure
may play a role in the initiation process itself (see below).
The crystal structure of a bacterial initiator tRNA was solved to
3.5 Å byWoo et al. in 1980 [43]. Comparing this structure to that of
a yeast elongator tRNA, tRNAPhe, the authors observed differences
between the two tRNAs in the anticodon loop, CCA end, and D loop.
Fig. 3. Ribbon diagram of the yeast initiator tRNA crystal structure [33], showing
the special hydrogen bonding substructure observed between the D and T loops.
Residues participating in hydrogen bonding are shown as sticks; hydrogen bonds
are shown as yellow dashes. The substructure is created by hydrogen bonding
within the T loop (involving residues A54, m1A58, and A60), as well as between the
D and T loops (involving A20, G57, A59, and A60).
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tion of tertiary interactions. A more compact D loop structure
was observed in the initiator tRNA, even though in the E. coli initi-
ator tRNA this loop contains an additional base relative to yeast
tRNAPhe. In the anticodon stem, the base 50 to the anticodon, U33,
faced out of the anticodon loop, instead of inward as in the tRNAPhe
structure. The anticodon loop appeared ‘‘skewed,” as opposed to
the more symmetrical anticodon loop of tRNAPhe. The authors pro-
posed that the conformation of the anticodon might be affected by
hydrogen bonding involving U33; in the initiator tRNA the ribose
moiety appeared to participate in a hydrogen bond with phosphate
36, while in the elongator the hydrogen bond was between the
uracil base and phosphate 36. The authors noted that this could
give insight into the presence of C33 in the initiator tRNAs of high-
er eukaryotes (the only tRNAs that contain C instead of U at this
position), since C33 is unable to hydrogen bond with phosphate
36 but a hydrogen bond remains possible with the ribose.
The idea that the initiator tRNA may have a unique anticodon
loop conformation is long-standing. In 1979 Wrede et al. [44]
saw strikingly different S1 nuclease cleavage patterns between ini-
tiator and elongator tRNAs. They observed that the three initiator
tRNAs examined – mammalian, E. coli, and yeast – cleaved at the
same two positions in the anticodon loop (C34 and A35), whereas
for six elongator tRNAs from E. coli, yeast, and S. pombe, cleavage
was typically seen at four positions in the anticodon loop (U33,
C34, A35, and U36). This suggested that the anticodon loop of
the initiator tRNA took on a conformation different from that of
elongator tRNAs. Since the initiator and elongator tRNAs have the
same anticodon loop sequence (save the difference at base 33 in
higher eukaryotic initiators) and modiﬁcations, the authors sug-
gested that this special conformation is imparted to the anticodon
loop by three conserved G:C base pairs in the anticodon stem of the
initiator tRNA, which are not all present in elongator tRNAs (these
base pairs are discussed below). In support of this idea, RajBhan-dary and coworkers observed that changing the 29:41 base pair,
both 29:41 and 30:40, and then all three to their respective elonga-
tor identities in E. coli initiator tRNA resulted in a progressive in-
crease in the susceptibility of anticodon loop bases to cleavage
by S1 nuclease, yielding a cleavage pattern similar to that of elon-
gator tRNA for the tRNAs with two and three G:C base pairs chan-
ged [45]. In contrast, in work using an initiator tRNA bearing a CUA
anticodon and capable of initiating translation in vivo in E. coli
from a stop codon [40], changing the G:C base pairs affected initi-
ation activity, but not the S1 nuclease pattern observed [46]. Thus,
the G:C base pairs may inﬂuence, but not exclusively determine,
the special anticodon conformation of the initiator tRNA.
As mentioned above, in the initiator tRNA crystal structures the
anticodon stem/loop region was not well-deﬁned enough to con-
ﬁrm that its conformation differed from that of the elongator tRNA.
Several pieces of evidence did not appear to square with this idea.
NMR solution structures showed that synthetic yeast initiator and
E. coli elongator anticodon stem–loops adopted similar conforma-
tions [47], and the authors proposed that the more extensive S1
cleavage of the elongator anticodon loop resulted from a greater
conformational ﬂexibility relative to the initiator anticodon loop.
In this study, however, possible evidence of another conforma-
tional state was observed but could not be examined in detail. In
addition, in structures of the bacterial ribosome with tRNA and
mRNA bound [48–50], the conformation of the initiator tRNA anti-
codon loop was not notably different from that of the elongator
tRNA.
A recent 3.1 Å crystal structure of the E. coli initiator tRNA [51]
showed a special, more compact, anticodon conformation. In this
structure, Cm32 and A38 formed a wobble base pair, extending
the anticodon stem, in an interaction stabilized by stacking with
G31:C39, although this base pair might rely on the low pH at which
the structure was determined. In addition, A37 was seen to be in-
volved in a base triple with G29 and C41. In this structure, how-
ever, the observed conformation may have been stabilized by a
signiﬁcant interaction of the anticodon loops in the crystal lattice.
The authors suggest that a switch between two conformations of
the initiator tRNA (this compact conformation, and that seen in
ribosome structures with mRNA) could be important for ﬁrst
allowing initiator tRNA selection on the ribosome – the unique,
compact conformation allowing only the initiator tRNA to bind in
the constrained P site – and, subsequently, signaling through a
conformational change that the start codon has been found.
4.2. Tuning of tRNA structure
While a number of identity elements contribute to initiator
tRNA function, there is evidence that many of these elements work
in combination. It appears that no one particular interaction causes
the tRNA to bind speciﬁcally to the P site of the small ribosomal
subunit. Instead, the tRNA structure is ﬁnely tuned by multiple ele-
ments in distinct regions of the tRNA that together impart the
appropriate structure for speciﬁc P site binding.
As mentioned above, A54 and A60 inﬂuenced the ability of the
yeast initiator tRNA to bind to eIF2 only in combination with iden-
tity elements in other regions of the molecule, indicating that ele-
ments distant in space have long-range effects on the structure of
the initiator tRNA [37]. Consistent with this idea, this type of struc-
tural tuning may be important for bacterial initiator tRNA binding
in the P site. Shoji and colleagues showed that the rate constant
(koff) for dissociation of unacylated initiator tRNA from the 70S
ribosome was unaffected by 16S rRNA mutations in the P site,
including G1338U, A790G, and m2G966U, while the koff for all
other unacylated tRNAs increased [52]. The authors point out that
elements in the body of the tRNA must contribute to this effect,
since the koff value for the elongator methionyl tRNA, with the
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suggest that the initiator tRNA is uniquely tuned to bind speciﬁ-
cally in the P site of the ribosome, and that a combination of fea-
tures is likely responsible for this tuning; little or no effect was
seen on koff with a single change at position 1:72 or even with
the anticodon stem of the initiator tRNA switched to that of gluta-
mate elongator tRNA.
4.3. Additional identity element roles
The A1:U72 base pair may play a role in the context of the ribo-
somal complex. Kapp and coworkers expanded the known role of
the A1:U72 base pair by showing that changing it affected steps
after eIF2 binding in a reconstituted system of yeast components.
Changing A1:U72 to the elongator identity element G1:C72 had
an approximately 10-fold effect on binding of TC to the 40S sub-
unit, and a small effect on peptide bond formation [37]. Given that
this base pair affects the binding of the tRNA to eIF2, it is possible
that its alteration could result in improper presentation of the
tRNA and thus its improper positioning in the ribosomal complex.
Work by Astrom and colleagues suggested that bases in the
acceptor stem besides the 1:72 base pair might be important for
initiator tRNA identity. Elongator methionyl tRNA with the initia-
tor acceptor stem was able to rescue a yeast strain lacking any
wild-type initiator tRNA genes, while elongator tRNA with
A1:U72 was not [23]. This acceptor stem transplant also rescued
more efﬁciently than the elongator tRNA containing the initiator
elements A1:U72, A54, G29:C41, and G31:C39 together, although
this combination of elements did rescue partially. One candidate
element within the acceptor stem could be the C3:G70 base pair,
which is the only acceptor-stem base pair that is conserved in ini-
tiator tRNAs in all three domains of life [15]. In elongator tRNAs,
although there may be a preference for a C:G base pair, the base
pair found in this position varies. C3:G70 was shown to be impor-
tant for formylation in bacteria [11,12]. It will be interesting to
investigate whether this base pair might be involved in other ways
in initiator function. In an in vivo study in yeast, changing C3:G70
failed to show an effect [24], but this was also the case for the anti-
codon stem G:C base pairs, which are known to be important for
initiation.
4.4. Modiﬁcations
Modiﬁcations may also play a role in allowing the initiator tRNA
to serve its function. tRNAs in general bear many nucleotide mod-
iﬁcations. The Saccharomyces cerevisiae initiator tRNA contains 11
modiﬁcations, but most are non-essential and of unknown func-
tion. Exceptions to this include m1A58, which in yeast is known
to be essential for the stability of the initiator tRNA [53]. This mod-
iﬁcation is made by the enzyme 1-methyladenosine 58 methyl-
transferase, which is comprised of the Gcd10p/Gcd14p complex
[53,54]. In yeast, initiator tRNA lacking m1A58 is degraded via
the nuclear Trf4/Rrp6 surveillance pathway [55]. This modiﬁcation
is not found in most bacteria, with mycobacterial tRNAs being an
exception [56].
The modiﬁed nucleotide N6-threonylcarbamoyladenosine (t6A)
is found in position 37, immediately 30 to the anticodon, in eukary-
otic initiator tRNA. This modiﬁcation may be involved in decoding
of the start codon. t6A37 is also found in tRNALysUUU, where it helps
to decode the AAA codon, stabilizing the codon–anticodon pairing
through stacking interactions (as well as preventing an internal
tRNA base pair) [57]. A37 is not modiﬁed in the E. coli initiator
tRNA. It has been suggested that this is important for allowing
the E. coli initiator to read the codons UUG and GUG, which are
known to serve as start codons in E. coli, in addition to AUG. It
was seen that E. coli initiator tRNA with this modiﬁcation couldno longer decode UUG or GUG [58]. If this modiﬁcation helps to ex-
clude those codons, the presence of t6A37 in the eukaryotic initia-
tor tRNA would be consistent with the fact that the start codon of
eukaryotes is overwhelmingly (although not exclusively) AUG.
4.5. G:C base pairs in the anticodon stem
The major identity element implicated in speciﬁc P site binding
of the initiator tRNA is found in the anticodon stem. Initiator tRNAs
in all three domains of life have three G:C base pairs at positions
29–31:39–41 in the anticodon stem, with few exceptions.
A number of studies have investigated the role of these three
G:C base pairs in bacteria. The anticodon stem G:C base pairs were
shown to be important for binding of initiator tRNA to the P site
in vitro using E. coli components [45]. Changing the 29:41 base
pair, both 29:41 and 30:40, and then all three to their respective
elongator identities progressively diminished the activity of the
tRNA in initiation, without affecting binding to IF2. The G:C base
pairs were demonstrated to be important for initiator tRNA func-
tion in vivo in E. coli, using a tRNA with a CUA anticodon mutation
that was able to initiate from a stop codon [40]. Using a CAT repor-
ter, a change to the middle G:C base pair (30:40) had a more severe
effect than a change to either of the other two base pairs (20-fold
versus about 5-fold), while changing two base pairs reduced trans-
lation about 30-fold and no detectable initiation was observed
(>200-fold reduction) with all three base pair changes [46]. The ef-
fect of the 30:40 base pair change was most likely due to a problem
at or following the step of binding in the P site, as aminoacylation
and formylation of the tRNA were unaffected by these changes.
In bacteria, IF3 is known to be important for selecting the initi-
ator tRNA over other tRNAs, and the G:C base pairs have been pro-
posed to be necessary for IF3-dependent initiator tRNA
discrimination [59]. Genetic work suggested that the effect of the
G:C base pairs in initiation had to do with discrimination by IF3,
as compromising the function of IF3 led to increased activity of a
three-G:C mutant initiator tRNA in initiation [60]. The binding site
for IF3 on the 30S subunit, as determined by footprinting and cryo-
EM, is too far from these anticodon stem base pairs for the factor to
contact them directly [61,62]. In the crystal structure of the 70S
ribosome [48,49], two bases in the 16S rRNA, G1338 and A1339,
were seen to contact the top two G:C base pairs, making type II
and type I interactions (respectively) with the minor groove of
G29:C41 and G30:C40. Dallas and Noller [62] proposed that IF3
binding induces a conformational change in the 30S subunit that
allows G1338 and A1339 to check tRNA identity through their
interaction with the anticodon stem G:C base pairs. In vivo and
in vitro studies using site-directed mutagenesis of G1338 and/or
A1339 were consistent with the interactions seen in the crystal
structures, and with a role for these rRNA bases in tRNA binding
to the P site [52,63,64]. Whether these bases play a role in discrim-
ination between initiator and elongator tRNAs during initiation re-
mains unclear, however.
The anticodon loop of the initiator tRNA also appears to be in-
volved in discrimination by IF3, as changes in the loop of a syn-
thetic initiator anticodon stem–loop (swapping the two bases 30
of the anticodon with the two 50 of the anticodon) were shown
to eliminate selection by IF3 [59]. Noller and Lancaster [63] pro-
posed that IF3 helps to recognize some feature of the anticodon
loop – excluding many elongator tRNAs – and the interaction of
the top two G:C pairs with ribosomal RNA bases G1338 and
A1339 upon IF3 binding helps to discriminate in particular be-
tween the initiator and elongator methionine tRNAs; thus, by these
two criteria, the initiator methionyl tRNA would be uniquely iden-
tiﬁed out of all tRNAs. However, IF3 may play an indirect role in
initiator discrimination by promoting an increased rate of dissoci-
ation of all tRNAs from the 30S subunit [65], and, as mentioned
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ination remains hypothetical.
Modiﬁcation of the ribosomal RNA may be involved in the re-
sponse of the complex to IF3. An E. coli strain deﬁcient in rRNA
methylations allowed efﬁcient initiation with an initiator tRNA
with changes in the G:C base pairs (even all three) [66]. The loss
of one particular methylation (1207) increased initiation with an
initiator tRNA with all three G:C base pairs changed, while the loss
of others (966, 967) decreased initiation with this tRNA. This sug-
gests that rRNA methylations may play a role in selection of the
initiator tRNA in the P site. As some of the rRNA methylations
are in the IF3 binding region of the 30S subunit, the authors sug-
gested that these methylations could contribute by helping to
mediate the conformational changes proposed to be induced by
IF3 that allow inspection of the G:C base pairs.
Thus, a growing body of evidence shows the importance of the
initiator tRNA anticodon stem G:C base pairs in bacteria. Do these
base pairs play the same role in eukaryotes?
Changing the G:C base pairs in human initiator tRNA to their
elongator identities lowered translation efﬁciency in rabbit reticu-
locyte and wheat germ lysates, although a smaller effect was ob-
served in the wheat germ system [25]. Astrom and coworkers
saw that the G:C base pairs were involved in conferring initiator
tRNA identity in yeast. Elongator methionyl tRNA with a combina-
tion of the three G:C base pairs and A1:U72 was able to comple-
ment an initiator null yeast strain, albeit with low efﬁciency, if
the a and b subunits of eIF2 were overexpressed; adding A54 to
this combination of elements increased the ability of this elongator
tRNA to complement the initiator null strain [23].
However, an initiator tRNA with an altered 31:39 base pair
(U31:U39), or with both the 29:41 and 31:39 base pairs changed
together (A29:U41, U31:U39), allowed a yeast strain with an other-
wise initiator null background to grow normally [24]. Are the G:C
base pairs less important in eukaryotes? Perhaps they serve a more
subtle, but still important, function.
Using puriﬁed yeast components, Kapp et al. [37] found that
G29:C41 and G31:C39 were required for thermodynamic coupling
between binding of TC and a model mRNA containing an AUG co-
don to the 40S subunit. Since this coupling likely reﬂects interac-
tions in the complex relevant to start codon recognition, this
result suggested that these G:C base pairs may inﬂuence this
important step. It was proposed that the G:C base pairs inﬂuence
a conformational change in the tRNA that occurs upon pairing be-
tween the anticodon and the start codon, and that this conforma-
tional change is partly responsible for triggering downstream
events in initiation.
The 18S rRNA bases equivalent to G1338 and A1339 also appear
to be important for initiator tRNA binding in eukaryotes. Mutations
in these bases in S. cerevisiae affected TC binding to the ribosome
and recognition of the AUG codon [67]. As in the bacterial case, it
is not clear whether these bases play a role in speciﬁcally interact-
ing with the initiator tRNA or if they have a more general effect on
binding of tRNAs to the P site.
4.6. Conformational coupling between T loop and anticodon stem
As mentioned above, evidence suggests that the initiator tRNA
could be involved in start codon recognition. In eukaryotes, start
codon recognition has several steps. One of these steps is a confor-
mational change of the 40S subunit from an open state competent
to scan the mRNA to a closed state that is arrested on the mRNA
after start codon selection [68–70]. The initial signal that causes
the complex to undergo this conformational change to the closed
state upon start codon recognition appears to be the matching base
pairing of the initiator tRNA anticodon with the start codon
[10,41,71,72]. How is this signal transferred from the base-pairingevent to bring about these large-scale changes? The codon/antico-
don duplex could be sensed directly by the ribosome and/or some
combination of initiation factors. Alternatively, the tRNA itself
might transmit the signal. It has been shown [73] that elongator
tRNAs are capable of this function in the A site during the decoding
phase of protein synthesis. For this to be possible, communication
must occur between the anticodon region and distant parts of the
tRNA making contacts with factors and/or the ribosome.
In fact, Kapp and colleagues [37] showed that the effect of
changes in the anticodon stem G:C base pairs on thermodynamic
coupling between TC and mRNA binding to the 40S subunit was
inﬂuenced by identity elements in the T loop. Changing initiator
tRNA identity elements A54 and A60, which participate in the
hydrogen bonding network observed to form a tight connection
between the D and T loops [33], to their elongator counterparts
(U54, C60) suppressed the effect of changes to the top or bottom
anticodon stem G:C base pairs (although not both together), restor-
ing the coupling between binding of TC and mRNA to the 40S sub-
unit. Changing A54 and A60 on their own had no effect. This
suggests a conformational coupling between the anticodon stem
and the D-loop–T-loop substructure of the initiator tRNA during
start codon selection.
In elongator tRNAs in the A site, there is evidence that codon/
anticodon pairing results in a conformational change of the tRNA
that loosens the D-loop–T-loop association [73–79], and a ‘‘kink-
ing” or bending of the anticodon stem about the D-stem–anticodon
stem hinge region was observed in A site and P site tRNAs base-
paired with mRNA in several bacterial and yeast ribosome struc-
tures [50,80,81]. Base pairing with the start codon could result in
a similar conformational change in the initiator tRNA involving
these regions. If changes to the anticodon stem G:C base pairs af-
fect anticodon stem mobility, a loosening of the D-loop–T-loop
substructure by the substitutions U54 and C60 could compensate
by lowering the energy barrier for changing the D-loop–T-loop
interaction, maintaining the ability of the tRNA to assume the
post-codon-recognition conformation. This conformational change
in the initiator tRNA may be involved in transmitting the signal
that the start codon has been located from the anticodon–start co-
don duplex to the rest of the complex, causing the conformational
change to the ‘‘closed” state of the pre-initiation complex. An alter-
native, but not mutually exclusive, possibility is that these ele-
ments coordinate a movement of the initiator tRNA within the
complex from a pre-start codon recognition state (e.g., P/I
[82,83]) to a post-recognition state fully engaged in the P site,
and that this movement is a key element of pre-initiation complex
closure.5. Conclusions
Evidence points to the idea that the initiator tRNA is structurally
tuned to perform its function, not just preventing it from serving as
an elongator tRNA and allowing it to bind speciﬁcally in the P site,
but also allowing it to respond within the complex, serving as an
active player in start codon recognition. It appears likely that part
of the function of the initiator tRNA is to transmit the signal that
the start codon has been recognized. The special conformation
and/or dynamics of the anticodon loop, the special substructure
observed between the D and T loops, and the evidence for a confor-
mational coupling within the tRNA that affects start codon selec-
tion, add up to suggest that the tRNA body is an active player in
sending the signal that anticodon/start codon base pairing has ta-
ken place. This is in keeping with the active roles observed for
tRNAs in decoding in the A site during elongation [73], and adds
to the growing evidence that is changing the traditional view of
tRNAs as merely static adaptors [84].
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tiator tRNAs, it seems likely that the proposed active role played by
the eukaryotic tRNA in start codon recognition is also played by its
bacterial counterpart. In eukaryotes, many complicated extra steps
culminating in irreversible GTP hydrolysis and pre-initiation com-
plex closure govern selection of the start codon. Clearly, the details
of how this signal is sensed and responded to are different in bac-
teria and eukaryotes. To what extent does the mechanism of initi-
ator tRNA involvement in start codon selection differ between
eukaryotes and bacteria? What is the route of transmission from
the initiator tRNA body to the rest of the complex that precipitates
further events necessary for start site selection? In eukaryotes, the
signal might go to eIF2 directly, as it is in contact with the tRNA;
this would imply a signiﬁcantly different method of transmission
from the case in bacteria, which lack eIF2. Or, it could be that the
signal is sensed directly by the ribosome, which is highly con-
served in both systems, in which case the conformational change
in the initiator tRNA might be sensed similarly by bacterial and
eukaryotic complexes. If so, then despite all the additional compo-
nents required for eukaryotic start codon recognition, this would
mark a fundamental similarity in the process throughout the do-
mains of life.References
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